Two new thiourea derivatives were synthesized through the reaction of photoactive aminohydroxybenzazoles and p-isothiocyanate benzoic acid via nucleophilic addition reaction. The compounds were characterized using high resolution mass spectrometry with eletrospray ionization (HRMS-ESI), Fourier transform infrared (FTIR),
Introduction
Anion detection using luminescent and colorimetric methods has become an area of major research in recent years. 1, 2 In this context, the detection of the fluoride anion (F -) is of particular interest as it plays an essential role in biology, as well as in chemical applications such as water supply, or even in chemical and nuclear warfare agents. [3] [4] [5] [6] [7] [8] The fluoride anion is also of great interest because of its importance in the clinical treatment of osteoporosis. However, it is also harmful to the environment, sometimes playing a role in environmental pollution 9 and diseases affecting human health due to its accumulation in the bones. 10, 11 Fluoride is also present in toothpaste in the form of sodium fluoride to prevent cavities, but its overuse can create fluorosis, resulting in bleaching or a brownish discoloration of the teeth. 12, 13 In designing chemosensors with sensitive to the fluoride anion, its chemical features should be taken into account, in particular its small size and high electronegativity; these make it possible to envisage chemosensors allowing strong hydrogen bonding (HB) to the fluoride anion. 14 This specific interaction has become one of those most used to signal fluoride in solution due to the availability of HB donors and its strong and selective connections with anions. [14] [15] [16] [17] In addition, the signaling unit responsible for this interaction must be responsible for the detection of the analyte using the usual spectroscopic techniques, such as UV-Vis absorption or fluorescence emission, or even naked-eye detection, the latter presenting advantages over spectroscopic techniques. [14] [15] [16] [17] According to this particular chemical interaction, different chemosensors involving urea or thiourea groups, [18] [19] [20] amides, 7 porphyrin 15 and phenols 6, 16, 17, 21 have been described in the literature.
It is well-known that anionic chemosensors are generally composed of two parts: (i) the receiving unit, da Silva et al.
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Vol. 28, No. 9, 2017 which is responsible for coordinating with anions through electrostatic interaction or via HB; (ii) the signaling unit, which is responsible for the detection and/or identification of the species. In this regard, compounds presenting excited state intramolecular proton transfer (ESIPT) are of interest as ESIPT phototautomerism generates a tautomeric form with a different electronic structure from the initial ground state conformer. 22 Any change in the media during the ESIPT process can be useful as a photophysical response for optical sensing. The ESIPT process can generally be found in benzazoles, flavonols and chromones and can be understood as a four-level photochemical cycle that produces a tautomer with a different electronic structure from the ground state enol conformer ( Figure 1 ). 23 Numerous applications can be found in chemistry, biology and biochemistry based on these ESIPT features. [24] [25] [26] [27] [28] [29] [30] The ESIPT process is characterized by a dual fluorescence emission tailored by the solvent polarity, 31 with the emission from the tautomeric form (T*) showing a large Stokes' shift (even in the solid state) compared to normal forms (N*). 32 This particular aspect of photophysics can present potential applications in the optical sensor field, as it drastically reduces the inner filter effect, improving the fluorescence analysis. 25 ESIPT compounds can be classified as photoacids, as after absorption (usually in the UV region), a donor group (generally OH or NH 2 from a phenol or aniline group, respectively) is significantly more acid. In addition, an acceptor group present in these compounds (generally imino/azonitrogen-or carbonyl-oxygen-moieties) is also more basic, and enhances proton transfer. 33, 34 It is well-known that for hydroxyphenyl benzazole-based compounds in apolar or aprotic media, an enol conformer with strong intramolecular HB (IHB) between the phenolic hydrogen and the azolic nitrogen is the most stable species in the ground state. This conformer will undergo ESIPT in the excited state to produce a keto tautomer (T*), which induces the decay in fluorescence emission to a ground state keto tautomer (T). A retro proton transfer takes place and the initial enol form is regenerated without any photochemical change (Figure 1 ). However, depending on the chemical structure of the fluorophore, the ESIPT mechanism can be strongly dependent on the solvent, as different conformers can be stabilized in solution in the ground state, that do not proton transfer in the excited state and decay emitting at lower wavelengths (N* emission). 23 Thus, we present here the synthesis and photophysical characterization of two new compounds containing a fluorophoric unit, allowing proton transfer in the excited state (ESIPT) to explore phototautomerism as an additional tool for recognizing anions in solution.
Experimental

Materials and methods
All reagents and solvents were purchased from commercial suppliers and used without further purification. The solvents were dried and distilled based on procedures detailed in the literature before use. 35 Spectroscopic grade solvents were used for fluorescence and UV-Vis measurements. The reactions were monitored by thin layer chromatography (TLC) carried out on Merck silica gel (60 F254). The column chromatographic purification of the products was performed on silica gel (230-400 mesh) (Aldrich). Melting points were measured with Gehaka PF 1000 apparatus and were uncorrected. Fourier transform 
Synthesis of aminobenzazoles 6-7
In a general way, the precursors were obtained by reaction of an equimolar amount of 5-aminosalicylic acid (3) (4.0 g, 26.12 mmol) and 2-aminophenol (4) (2.8 g, 26.12 mmol) or 2-aminothiophenol (5) (2.76 mL, 26.12 mmol) in polyphosphoric acid (PPA) (60 mL) at 170 o C for 5 h. The reaction was followed by TLC using dichloromethane as the eluent. The reaction mixture was poured onto crushed ice and neutralized with NaHCO 3 (20%). The precipitate was filtered and dried at 60 o C. The obtained compounds were purified by column chromatography eluted with dichloromethane. 
Complexation studies
The naked-eye study of compounds 8-9 was performed using tetrabutylammonium salts of the anions F ). Different amounts of these solutions were added to DMSO solutions of the compounds 8-9 (10 -6 mol L -1 ). 20 The continuous variation method (Job plot) was obtained from a molar fraction of 0.1-1.0 of chemosensor/fluoride. The absorbance intensity was monitored at 410 and 432 nm for compounds 8 and 9, respectively. 20 UV-Vis absorption and fluorescence emission spectra were also obtained for compounds 8 and 9 after the addition of different amounts of potassium hydroxide (KOH, 3.57 × 10 -3 mol L -1 ). In all titration experiments, after the addition of analyte, the mixture was gently stirred for 2 min and then the UV-Vis and fluorescence emission spectra were obtained at 25 °C. 
Results and Discussion
Synthesis
The synthesis of p-isothiocyanate benzoic acid (2) was performed as presented in Scheme 1. 36 It starts with a nucleophilic attack of the nitrogen atom of the amino group present in compound 1 on the electrophilic carbon from thiophosgene, and the release of chloride to form a protonated intermediate, which upon deprotonation and additional release of chloride formed compound 21. This reaction was performed under stirring in dry acetone at 0 o C for 3 h and monitored using Fourier transform infrared spectroscopy (FTIR) technique, in which it was possible to observe the disappearance of the symmetrical and asymmetric stretching bands referring to the amino group, and the appearance of an intense band of between 2000 and 2250 cm -1 relative to the isothiocyanate (-NCS) stretching (see Supplementary Information (SI) section) .
The aminobenzazole precursors 6-7 were synthesized according to the literature, 37, 38 in a condensation reaction of an equimolar amount of 5-aminosalicylic acid (3) with respective ortho-substituted aromatic amines 4-5 in polyphosphoric acid (PPA) (Scheme 2). Compounds 8 and 9 were obtained starting with a nucleophilic attack of the nitrogen atom of the amino group present in precursors 6 or 7 to the electrophilic carbon of 2 to produce a protonated tetrahedral intermediate, which after proton transfer formed the final products 8-9 in only one step with good yields. It should be noted that the reaction of isothiocyanates with aromatic amines is very fast, and there is no need for the use of catalysts. 20 In the 1 H NMR spectrum of compound 8 (see SI section), it is possible to observe a singlet in the region above 11.00 ppm relative to the hydrogen of the phenolic OH. This signal usually appears between 4.00 and 7.50 ppm, but when IHB occurs, a frequency shift is observed for the region between 12.00 and 11.00 ppm. 39 The disappearance of the broad signal located between 3.00 and 5.00 ppm can also be observed due to the hydrogens of the amino group of the precursor and the appearance of the hydrogens of the thiourea group in the region above 10.00 ppm. Similar results are observed for compound 9.
Photophysical characterization
The normalized UV-Vis absorption and fluorescence emission spectra of the thiourea derivatives 8-9 are presented in Figure 2 and the relevant data from the photophysical study are summarized in Table 1 . From UV-Vis absorption spectroscopy, it is possible to obtain the calculated radiative rate constants k e 0 and the oscillator strengths of the electronic transitions (f e ), applying the Strickler-Berg relations as presented in equations 1 and 2: indicates that after UV absorption, these compounds populate the same excited state. The benzothiazole derivative 9 presents an absorption maximum redshifted compared to the parent compound 8, as already observed in similar compounds, being explained by the better electron delocalization allowed by the sulfur atom compared to the oxygen atom. 31 In addition, a small solvatochromic effect was observed in both compounds, with redshifted absorptions in the more polar solvent DMSO than dimethylformamide (DMF). ). The inset presents a magnification of the absorption maxima. In both compounds, a dual fluorescence emission can be observed. Compound 8 presents a major emission band located around 338 nm, with a calculated Stokes' shift (Dl ST ) ca. 3400 cm -1 and a red-shifted one located higher than 520 nm (Dl ST ca. 14000 cm -1 ). Based on this result, the emission at shorter wavelengths, so-called normal emission (N*), can be attributed to a radiative deactivation of a locally excited conformer, structurally not able to proton transfer. 23 On the other hand, the emission at longer wavelengths can be ascribed to the ESIPT process, which arises from an enol-cis conformer that can present proton transfer in the excited state. 23 In this process, an excited enol-cis conformer (N*) arises, and tautomerizes to an excited-state keto (T*) species (as presented in Figure 1 ). The latter decays to the ground state (T) emitting fluorescence (T* emission) with a large Stokes' shift. The same result was observed for the benzothiazole derivative; however, in this compound, the main emission band is the ESIPT band (l em ca. 500 nm, Dl ST ca. 13000 cm -1 ) rather than the blueshifted band (normal emission, l em ca. 350 nm, Dl ST ca. 4700 cm -1 ). These photophysical results indicate that the solvents play a different role in the stabilization of the conformers in the ground state, where compound 8 conformers not able to ESIPT are more stabilized in solution than the conformers of compound 9. Moreover, despite the similar excited state photophysics, in which a dual fluorescent was observed, the studied compounds present quite different locations on the emission maxima. The benzothiazole derivative 9 presents a normal emission, redshifted compared to the oxygen analogue 8 (14 nm in DMSO and 26 nm in DMF). This emission at longer wavelengths can probably be related to the better electron delocalization allowed by the sulfur atom compared to the oxygen atom in the excited state. Similar behavior was observed in parent compounds. 31 In addition, as far as we know, these are the longer Stokes' shifts presented in the literature for a benzazolic compound in solution.
Complexation study
The ability of compounds 8-9 to act as anionic chemosensors was first investigated by naked-eye detection, , no change in color was observed in the solutions containing compounds 8-9. On the other hand, the addition of fluoride ion showed a dramatic color change in both compounds (Figure 3) , probably due to H-bonding between the receptor and F -, which increased the charge transfer in the compounds. 6 The interaction with the fluoride ion was also investigated by monitoring the UV-Vis spectral changes of the thiourea derivative solutions (10 -6 mol L -1 in DMSO) (Figure 4) , adding different amounts of the fluoride ion (0.1-1.0 equiv.) in DMSO to the previously prepared solution of compounds 8-9. It can be observed that the compounds studied behave differently. In the absence of the fluoride ion, both compounds present an absorption band located around 300 nm, as already discussed. However, compound 9 presents significant spectral changes upon the addition of F -. Although the original absorption band at 300 nm does not present relevant changes in its location and intensity, a new absorption band can be observed located around 430 nm, being related to the binding complex between compound 9 and F -. On the other hand, compound 9 seems to be less sensitive to the fluoride ion at the studied ion concentrations. It is worth mentioning that similar behavior was observed in both compounds at a titration range of 1.4-10 equivalent of fluoride (see SI section). The difference observed between chemosensors can probably be related to the electronic character of the benzazolic unit. Due to the higher electronegativity of the oxygen atom compared to the sulfur atom, the benzazole core will present a more intense electron withdrawing effect, making the thiourea hydrogens more acidic than those present in the thiazole derivatives. It is worth mentioning that additional experiments indicate that the ability of fluoride anion to interact with the chemosensors 8-9 was not affected by the presence of chloride, bromide and nitrate anions (SI section).
It is well-known that compounds showing proton transfer in the excited state (ESIPT) can present dual Table 1 . Relevant photophysical data of compounds 8-9, in which l abs is the absorption maxima, ε the molar absorptivity, f e the calculated oscillator strength, k e 0 the calculated radiative rate constant, t 0 the calculated pure radiative lifetime, l em the emission maxima and Dl ST the Stokes' shift. The notation N* and T* are the normal and tautomeric emissions, respectively fluorescence emission tailored by the environment. 23 As the synthesized compounds 8-9 present a fluorophoric unit able to proton transfer in the excited state, it was decided to investigate their fluorescence emission in the presence of different amounts of fluoride ion ( Figure 5 ).
As already discussed, both compounds present a dual fluorescence emission. For compound 8, the major emission can be related to a normal emission (N*) located in the UV region. On the other hand, compound 9 presents the main emission band in the green region, ascribed to the ESIPT process. From these characteristics, it is possible to affirm that compound 8 can be largely found in the ground state as non-ESIPT conformers. 31 After the addition of fluoride, there is a decrease in the normal emission intensity, being related to a lower stabilization of these conformers in the presence of fluoride. In contrast, an increase in the intensity of the ESIPT emission is observed, indicating that the enol-cis conformer, responsible for the proton transfer in the excited state, is more stabilized in these conditions. This behavior indicates that the interaction of fluoride with 8 does not occur in the phenolic hydroxyl, as it would suppress the ESIPT emission. The interaction between analyte and chemosensor occurs in the thiourea portion by HB. This interaction makes the phenolic hydrogen more acidic, favoring IHB in the ground state. Regarding compound 9, the major emission based on the ESIPT process indicates the predominance of the enol-cis conformer in the ground state. In a manner not yet understood, the presence of fluoride weakly weakens the stabilization of this conformer in solution. Furthermore, for compound 9, maintenance of the ESIPT emission also indicates that the interaction mechanism does not occur with the phenolic hydroxyl.
Regarding the chemical structure of the studied chemosensors, the presence of three different acidic sites, with different pK a values, can be observed as follows: (i) carboxylic (pK a ca. 5), 42 (ii) thiourea (pK a ca. 21) 43 and phenolic OH with strong IHB (pK a ca. 10), 44 which will lead to different responses during the titrations with the anions. To evaluate the interaction mechanism, UV-Vis and fluorescence emission titrations were performed in different amounts of KOH as presented in Figure 6 .
In general, it can be observed that the UV-Vis spectra, as well as the fluorescence emission of compounds 8 and 9 in the presence of KOH, are quite different from those obtained in the same amount of fluoride ion (30-90 equiv.) . Changes to the shape, maxima location, full width at half maximum (FWHM) and intensities were observed in both experiments for both compounds. In the UV-Vis titration, it can be observed that the chemosensors in the presence of KOH present redshifted bands. It has been reported that hydroxide generates phenolates in benzazolic-based compounds, which will present absorption bands located at longer wavelengths compared to the neutral species. [45] [46] [47] It is worth mentioning that these new bands are different from those obtained in fluoride titration. The latter are due to the complex formation with the analyte.
As chemosensors are believed to exist as phenolates after titration with KOH, these ionized species are not able to proton-transfer in the excited state. In this way, the observed broad and low intensity emission bands are due to normal emission or charge transfer emission bands. At higher amounts of fluoride, similar behavior is observed, Figure 3 . Colorimetric response upon addition of 30 equiv. of tetrabutylammonium salts into DMSO solutions of compounds 8 (top) and 9 (bottom). Vol. 28, No. 9, 2017 in this situation, the emission at a shorter wavelength is suppressed and the emission located at longer wavelengths is the main emission band. Based on the 1 H NMR data, discussed in this work, the redshifted emission in the presence of fluoride can be ascribed to ESIPT emission from the chemosensor. This result indicates that the ESIPT mechanism is not affected by the fluoride.
To gain a better understanding of the binding mechanism present between the compounds 8-9 and the fluoride ion, 1 H NMR titration was performed in DMSO-d 6 at room temperature and the spectral changes produced by the addition of F -were analyzed. Figure 7 presents the partial spectra (9-12 ppm) of the compounds 8-9 upon the addition of different amounts of the fluoride ion. The full spectra can be found in the SI section. hydroxyl OH. Finally, at 0.8 equiv., the broad signal shifts downfield another 0.2 ppm, unlike that observed in receptors containing the same chemical grouping, where the signal related to NHs completely disappears. 20 A similar behavior was observed to compound 9. Although the literature shows a relation between the disappearing of hydrogen signals in the 1 H NMR titration with a full proton transfer from the chemosensor to the analyte, 48 some authors also indicate the disappearing of signals from the chemosensor due to hydrogen bonding 6, 49 or both. 20 There is no clear definition concerning this experiment and the proposed interaction mechanism. In this work, in a general way, it was observed that the thiourea hydrogens shift downfield and remain present during titration, which in our opinion corroborates the HB mechanism in this site of the molecule. Concerning the two additional acidic sites, the signal from the carboxylic hydrogen disappears at the first addition of fluoride, as expected due to the lower pKa value. Moreover, the signal from the phenolic hydrogen also remains almost unchanged, probably due to the strong IHB present in these compounds, located at 11.13 ppm during titration, indicating that fluoride does not interact with the phenolic OH (see full spectra in the SI section). This interaction mechanism corroborates the evidence already observed in the UV-Vis and fluorescence emission complexation titrations. Based on the above investigation results, a possible binding mechanism between chemosensors 8-9 and F -was proposed in Scheme 3. 
Conclusions
In summary, here we have reported the synthesis and photophysical characterization of two thiourea derivatives 8-9, based on photoactive aminohydroxybenzazole dyes. These compounds were investigated as chemosensors for ions in solution. The compounds present absorption maxima located around 300 nm with molar absorptivity coefficient values ascribed to allowed 1 pp* electronic transitions. Both compounds present dual fluorescence emission due to the ESIPT process: an emission located in the UV-A region (Dl ST ca. 3400 cm -1 ), so-called normal emission, and a redshifted one located in the green region (Dl ST ca. 13000-14000 cm -1 ), ascribed to the tautomeric emission. Concerning the complexation studies, compounds 8-9 signaled the presence of the fluoride ion in solution by naked-eye detection, probably due to hydrogen bonding between the chemosensor and F -, which increased charge transfer in these compounds. The results of UV-Vis titration indicate that 8 is more sensitive to the fluoride ion than 9, as upon the addition of small amounts of fluoride, a new absorption band can be observed located around 450 nm, being related to the binding complex between compound 8 and fluoride. This interaction was also investigated by 1 H NMR titration. After the addition of different amounts of fluoride, the NH signals seem to lose resolution and collapse to a broad signal. The preliminary results indicate that these compounds can be used as chemosensors to identify anionic species in solution, in particular the fluoride anion, through an HB interaction mechanism. With respect to previously published data, similar results were obtained for the identification of fluoride in solution in chemosensors containing the same signaling group, although in the studied compounds 8-9, the presence of this anion in solution not only allows ESIPT emission but tailors it in both compounds.
Supplementary Information
Original 1 H NMR, 13 C NMR and FTIR spectra of synthesized compounds, as well as additional photophysical data for the complexation studies are available free of charge at http://jbcs.sbq.org.br as PDF file.
